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Improved Combination Mechanical and Magnetic Support 
for a Flywheel Power Supply 

This invention pertains to an improved bearing support for a flywheel power 
5 supply and more particularly an improved combination mechanical and magnetic bearing 
support system for a high-speed flywheel system that has significantly increased 
operating life capability, operates reliably and cleanly in vacuum, provides improved 
shock damage resistance, allows desirable low frequency rigid body resonances for 
transition to supercritical operation at reduced speeds, and is low in cost. Two general 
10 configurations of the invention exist; in one configuration the mechanical bearings are 
employed at all times but with very low loading due to offloading from the magnetic 
bearings, and in the other configuration the mechanical bearings are only employed 
intermittently because the magnetic bearings have fiiU 5 axes stability. 

15 Background of the Invention 

Flywheel power supplies have emerged as an alternative to electrochemical 
batteries for storing energy with many advantages including higher reliability, longer Ufe, 
lower or no maintenance, higher power capability and environmental friendliness. 
Flywheel power suppUes store energy in a rotating flywheel that is supported by a low 

20 friction bearing system inside a chamber. The chamber is usually evacuated to reduce 
losses from aerodynamic drag. The flywheel is accelerated for storing energy and 
decelerated for retrieving energy through use of a motor/generator attached to the 
flywheel. Power electronics maintain the flow of energy in and out of the system and can 
instantaneously prevent power interruptions or alternatively manage peak loads. 

25 To date, many types of support systems for flywheels have been developed. 

Some use mechanical bearings while others use magnetic bearings and yet others use a 
combination of the two types. Mechanical bearings are low in cost, however they suffer 
from fatigue and wear of the rolling elements and associated components. Magnetic 
bearings are usually more expensive and sometimes difficulties can arise in providing full 

30 five axes stable levitation in all operating conditions. To prevent damage to the power 
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supply, mechanical auxiliary bearings are usually also provided in case the magnetic 
bearings fail to operate. 

Because flywheel power supplies usually operate at very high speeds and are 
intended to last for ten to twenty years or more, careful design of the flywheel support is 
5 very important. Prior art has shown flywheel systems that can achieve long life with 
mechanical bearings by using mechanical bearings in combination with magnetic 
bearings. Ball bearings are used to provide radial support and the magnetic bearings 
greatly extend the ball bearing lives by providing some axial support, reducing the total 
load that they must carry. This support appears effective for smooth operation in low 
10 speed systems and where care can be taken to prevent damage to the bearings from shock 
loading during shipping and handling. However, to efficiently store large amounts of 
energy, it is desirable to further reduce radial loading, operating supercritically above the 
rigid body resonance. It is preferable to pass through the rigid body resonance at a 
relatively low speed such that the stored energy is low. The support must therefore be 
15 flexible. A flexible support also increases the durability and prevents damage to rolling 
element bearings from shock loading. Unfortunately, to achieve this increased energy 
storage, mechanical bearing life and robustness, the flexible support that must be 
employed becomes the life-limiting factor, and also can generate other problems 
including inadequate heat dissipation, plastic yielding, outgassing in the vacuum and 
20 deterioration. A flywheel that operates at 30,000 rpm for 20 years will experience an 
extremely large number of cycles, in excess of 300 billion cycles. 

Full levitation magnetic bearing systems provide radial support flexibility and can 
in addition allow the flywheel to spin about its mass center at a relatively low speed. 
However, they also require an auxiliary mechanical support system to prevent total 
25 system destruction in the event of excessive loading and displacement. Such a 

mechanical support system must survive high shock loading, high frequency and vacuum 
operation, and must not deteriorate after years of residency in vacuum. The mechanical 
auxiliary support should also preferably survive one or more complete spin downs of the 
flywheel in the event that the magnetic bearings completely fail. Such spin downs can 
30 take hours depending on the energy storage of the flywheel. 
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Summary of the Invention 

This invention is an improved combination mechanical and magnetic support for 
a high-speed flywheel used in a flywheel power supply. Mechanical bearings provide 
radial support and partial axial support for the flywheel while one or more magnetic 
5 bearings significantly increase the life of the mechanical bearings by carrying at least 
80% of the flywheel's weight. Unlike prior art combination rolling element and magnetic 
support systems, the mechanical bearings are flexibly mounted. The radially flexible 
support provides the benefits of smooth transition to supercritical operation at low speed 
(preferably less than 30% of normal operating speed), lower radial bearing loading, and 

10 significantly improved shock damage prevention during operation and in shipping and 
handling. The flexible mount has a spring damper element constructed fi*om metal mesh 
to enable it to match the increased life of the mechanical bearings. The metal mesh 
spring damper is uniquely capable of surviving the extreme cycles encountered, high 
fi'equency vibration and vacuum operation and long term residency. The mesh spring 

1 5 damper enables the long life of the high-speed combination bearing system by having 
both drastically improved life and properties over prior elastomeric and spring type 
flexible bearing supports. 

A second configuration of the invention with the same benefits can also be 
employed with a fiiU five axes stable magnetic bearing. In this case, the mechanical 

20 bearings are only in contact with the flywheel during excessive loading and 

displacements of the magnetic bearings. The mechanical bearings prevent damage during 
shipping and handling and during high-speed touchdowns. The use of a metal mesh 
spring damper again survives years of residency in vacuum without generating 
contamination and is capable of the impact and high frequency acceleration of a 

25 touchdown event. If the magnetic bearings fail completely, the mechanical support is 
capable of safely and reliably supporting the flywheel for spin down. As with the first 
configuration, the rigid body critical resonance is preferably pushed down below 30% of 
fiill speed such that transition occurs after 90% of the flywheels energy has already been 
removed. In both configurations of the invention, the support improves the durability, 

30 reUability and life of a flywheel power supply with a relatively low cost. 
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Description of the Drawings 

Fig. 1 is a schematic elevation of a flywheel power supply with combination mechanical 
and magnetic support in accordance with the invention; 

5 Fig. 2 is a schematic elevation of the rolling element bearing-spring-damper portion of a 
flywheel combination mechanical and magnetic support in accordance with the invention; 

Fig. 3 is a schematic elevation of an alternative configuration of flywheel power supply 
with combination mechanical and magnetic support in accordance with the invention; and 

10 

Fig. 4 is a schematic elevation of the alternate configuration of rolling element bearing- 
spring-damper portion of a flywheel combination mechanical and magnetic support in 
accordance with the invention. 

15 Description of the Preferred Embodiment 

Turning to the drawings, wherein like reference characters designate identical or 
corresponding parts. Fig. 1 shows a flywheel power supply 30 with combination 
mechanical and magnetic support in accordance with the invention. The flywheel power 
supply 30 uses a high-speed flywheel 31 for storing energy. The flywheel can be 

20 constructed of composite materials or fi-om metal such as steel Many designs of energy 
storage flywheels are well known in the art and could be employed with the invention. 

The flywheel 3 1 is housed in a chamber 32 having an internal space 33 that is 
evacuated to low pressure for reduction of aerodynamic drag. The flywheel is 
accelerated and decelerated for storing and retrieving energy through the use of a 

25 motor/generator 36. Motor/generators employed with flywheel systems can include 

brushless permanent magnet designs as well as brushless reluctance designs. Reluctance 
designs with external field coils allow simpler output voltage control electronics, 
however they are less efficient than designs using permanent magnets for field 
generation. As illustrated, a permanent magnet motor/generator 36 is shown using a 

30 conventional radial airgap 48. Permanent magnets 38 are attached to the flywheel shaft 
35, preferably through use of a thin high strength non-magnetic reinforcement sleeve, not 
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shown. The magnets 38 are acted upon by the surrounding laminated stator 37. Use of 
an integrated flywheel with motor/generator or a separate motor and generator could also 
be employed. 

To support the flywheel for rotation, the flywheel 3 1 has upper and lower shafts 
5 34 and 35 that are radially supported by upper and lower bearings 39 and 40 in upper and 
lower bearing housings 43 and 46 fixed to the chamber 32. The bearings 39, 40 
preferably use long life rolling element bearings 41 and 44 that are appropriately sized to 
handle the normal operating speed and also survive the life of the flywheel power supply 
30. Larger bearings have reduced allowable operating speeds but can handle more cycles 

10 for a given load. Therefore, it is preferable to use the largest bearing size that is rated for 
the flywheel operating speed in order to insure the longest life. Ceramic hybrid ball 
bearing sets are useful for increasing the bearing life and allowable operating speeds over 
conventional steel ball bearings. Much of benefits of ceramic hybrid bearing sets are the 
result of the lower density of the ceramic balls. Such bearings are readily available from 

1 5 manufacturers such as Harden Bearings. The bearings 41 , 44 are preferably lubricated 
using dry lubricants that do not appreciably contaminate the vacuum in the interior 33 of 
the chamber 32. Lubricant such as molybdenum disulfide can be applied to the bearings 
prior to installation or alternatively, the bearing cages, not shovm, inside bearings 41, 44 
can be coated or made fi-om the lubricant and release the lubricant to the bearings over 

20 the operating life of the system. 

The life of the mechanical bearings is directly related to the load that they carry. 
Bearing fatigue is generally regarded a cubic function of this load. Therefore, a reduction 
of the load carried by a factor of two will result in an increase in life by a factor of about 
eight. In accordance with the invention, the life of the mechanical bearings 41, 44 is 

25 increased by the use of a magnetic bearing 47 that carries a substantial portion of the 

flywheel weight. The magnetic bearing 47 can be actively controlled such as vi^th use of 
an electromagnet or simply a passive bearing fi-om permanent magnets. The magnetic 
bearing 47 preferably carries at least 80 % of the flywheel's weight such that the 
mechanical bearings 41, 44 can survive the life of the flywheel power supply 30. If the 

30 magnetic bearing 47 carries 100% of the flywheel weight, the upper and lower bearings 
41, 44 should be preloaded tandem pair angular contact bearing sets. This guarantees that 
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the bearings will always carry some loading, which is necessary for rolling element 
bearings to prevent skidding and achieve maximum life. A life of ten to twenty years or 
more is deemed possible for flywheel systems. 

For high-speed flywheel systems capable of storing large amounts of energy, it 
5 desirable to operate the flywheel system supercritically, that is above the rigid body 
resonance. Above the resonance, the flywheel is capable of spinning smoothly about its 
mass center, which will always differ some amount from the geometric center. With 
larger or higher speed flywheels, the stiffiiess imparted from mechanical bearings is 
many times inadequate to keep the flywheel operation smoothly subcritical throughout 

10 the entire operating speed range. Unfortunately, the mechanical bearing stiffness is high 
enough that the cylindrical and or conical rigid body critical is encountered at a speed 
high enough that the flywheel is storing a large quantity of energy. 

To reduce the speed of transition through the rigid body critical modes, the radial 
support is made much more flexible by using a spring dampers 42, 45 to provide both 

15 radial damping and a centering stiffness. The spring dampers 42, 45 are constructed 
using metal wire mesh. Such wire metal mesh material can be purchased from Metex 
Corporation and the wire can be made from a choice of stainless steel, copper or other 
metals. Wire metal mesh dampers are an improvement over current squeeze film 
dampers which lose damping with increasing temperature. Wire metal mesh provides 

20 both radial centering stiffiiess and radial damping in the invention. It is uniquely 
appUcable for use in the flywheel support system because of its expected almost 
indefinite cycle life that matches the continuous high-speed flywheel operation. The 
number of cycles for many flywheel systems is expected to exceed several hundred 
billion. Such life is not needed for other typical bearing applications. The high cycle life 

25 of the metal mesh spring damper is the result of using an either a preferably knitted or 
woven construction from small metal wires. The structure is then compressed in a die to 
reduce the percentage of open space in the mesh. Open space or density of the mesh 
usually ranges from 50% and higher. The small wire diameter, below 0. 100 inches and 
more preferably below 0,025 inches, Umits bending stresses from displacement and 

30 increases the Ufe. Because of the much lower stresses, the mesh damper is believed to be 
capable of meeting the extraordinary life cycle of supercritically operated flywheel power 
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supplies. The wire construction gives much higher shock loading capability, retaining 
resiliency, and expectedly much longer life than competing machined leaf or curved 
spoke type mechanical spring dampers. The mesh is preferably designed to handle radial 
loads of up to 10,000 lbs without plastic deformation so that the dampers can match the 
5 capacity of most likely bearings. The flexible support provided to the mechanical 
bearings can prevent damage to the flywheel and shafl; during transportation, handling 
and from any shock loading during operation. Besides having the life capability for use 
in a supercritical mechanically supported flywheel system, the mesh also does not suffer 
from deterioration from high frequency operation or from years of residency in vacuum, 

10 and does not outgass as do elastomeric type spring dampers. The vrire metal mesh spring 
dampers are also relatively low in cost. 

The mechanical bearing portion 50 of the combination mechanical and magnetic 
support is shown in Fig. 2. The flywheel shaft 51 is supported radially by a mechanical 
ball bearing set 53. The bearing set 53 is mounted inside a housing 52 that allows radial 

15 displacement. A metal wire mesh damper 54 is placed inside the housing 52 around the 
bearing 53 and it provides radial centering stiffness and damping to the flywheel shaft 51. 

An alternate configuration of flywheel power supply with combination 
mechanical and magnetic support in accordance with the invention is shown in Fig. 3, 
The flywheel power supply 70 uses a flywheel 71 for storage of energy inside a chamber 

20 72 that contains a vacuum 73. The flywheel has shafts 74 and 75 for joumaling the 
flywheel 71 between the bearings 87 and 88. A motor/generator 84 is used for 
accelerating and decelerating the flywheel 71 for storing and retrieving energy. The 
motor/generator shown uses permanent magnets 85 attached to the flywheel shaft 74 that 
are acted upon by a surrounding laminated stator 86. 

25 In this alternate configuration of the invention, the magnetic bearings 76 and 77 

provide axial and also radial support for the flywheel. The magnetic bearings are a Ml 
five axes stable type such that there is no mechanical contact v^th the flywheel 71 under 
normal operation. Many designs of five axes stable magnetic bearing systems exist and 
could be employed with the invention. Some of them use passive radial bearings from 

30 permanent magnets while others have active radial electromagnetic control As shown, 
the magnetic bearings 76, 77 are five active axes type. Radial laminated magnetic 
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bearing rotors 78 and 82 are attached to each shaft 74, 75. The rotors are stably radially 
controlled through use of surrounding active radial bearing stators 79 and 83. The 
flywheel 71 is axially supported through use of an active axial magnetic bearing rotor 80 
attached to shaft 75. The axial magnetic bearing rotor position is axially controlled 
5 through use of the axial bearing stator 8 1 . 

In the event that the load capability of the magnetic bearings 76, 77 is exceeded or 
if the magnetic bearings fail, total system destruction is prevented by the use of the 
auxiliary mechanical bearings 87 and 88. The auxiliary mechanical bearings 87, 88 are 
constructed similarly as the mechanical bearings of the first configuration except radial 

10 airgaps 93, 96 are provided. The mechanical bearings 87, 88 use rolling element bearings 
91 and 94, preferably preloaded tandem pair angular contact bearing sets for reliable 
bearing loading when in operation. The bearings 91, 94 are supported using metal wire 
mesh spring dampers 92 and 95 inside the housings 89 and 90. As with the previous 
configuration, magnetic bearings greatly extend the life of the mechanical bearings by 

1 5 removing load. The flywheel can smoothly operate about rigid body resonances and the 
transition can occur at low speeds whether when spinning supported completely by the 
magnetic bearings 76, 77 or by the mechanical bearings 87, 88. 

The spring dampers are capable of handling fiill speed spin downs on the 
mechanical bearings due to their high fi:*equency and high cycle capability as well as good 

20 thermal conductivity for removal of bearing heat. The high shock loading capability of 
the dampers prevents damage to the bearings 91, 94 during shipping, handling or high 
speed and acceleration touchdowns. The spring dampers remain resilient and maintain the 
airgaps 93, 96 after a touchdown event. They also do not contaminate the vacuum and 
survive the years of residency in the vacuum without contaminating it. 

25 The mechanical bearing portion 1 10 of the combination mechanical and magnetic 

support is shown in Fig. 4. The flywheel shaft 1 1 1 is supported radially by a mechanical 
ball bearing set 1 13 when the magnetic bearings, not shown, have exceeded their load 
capacity or are not fimctioning. A radial airgap 1 15 prevents contact during normal 
operation. The bearing set 1 13 is mounted inside a housing 1 12 that allows radial 

30 displacement. A metal wire mesh damper 1 14 is placed inside the housing 1 12 around 
the bearing 1 13 and it provides radial centering stiffness and damping to the flywheel 
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shaft 111 when contacted. Other designs for placement of the mesh and surrounding 
structure could also be conceived. 

Obviously, numerous modifications and variations of the described preferred 
embodiment are possible and v^^ill occur to those skilled in the art in light of this 
5 disclosure of the invention. Accordingly, I intend that these modifications and variations, 
and the equivalents thereof, be included within the spirit and scope of the invention as 
defined in the following claims, wherein I claim: 
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